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ABSTRACT: A two dimensional numerical barotropic model based on the depth-integrated equations is presented 
here. Sensitivity of the model is analyzed by using wind stresses of different months. Real wind data and actual 
bathymetry are used as an input to obtain the circulation patterns of the northern Arabian Sea during specific 
seasons. However, the model is also tested with constant depth for comparison. A number of numerical simulations 
are performed to study the combined effects of wind stress, bathymetry, and basin geometry. Since the goal of this 
study is to simulate the circulation of the northern Arabian Sea in accordance with the observed wind stress., 
therefore, wind stresses of different months like July (the peak of SW monsoon), October (the transition peried. 
from SW toNE monsoon), January (the peak ofNE monsoon), and April (the transition period from NE to SW 
monsoon) are used to examine the circulation patterns. The results obtained are satisfactory in that they resemble 
known patterns. 
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INTRODUCTION 
The northern Arabian Sea is bounded by India to the east, the Arabian Peninsula 
to the west, and Iran and Pakistan to the north. The south of the Arabian Sea is open 
to the Indian Ocean (Fig. 1). 
The area under study is the northernmost Arabian Sea, north of 20°N, which 
includes the Gulf of Oman to the west. The difference between the Arabian Sea and 
the other oceans at the same latitude is the seasonal reversal of the atmospheric and 
oceanic surface circulation. This monsoonal circulation pattern is the most striking 
feature of the northern Arabian Sea. The seasonally variable currents system is 
associated with the monsoon winds. During summer the wind blows towards the land. 
In this case, the southwest monsoon current replaces the Northern Equatorial Current. 
In winter the reverse takes place and the Northern Equatorial Current reappears. The 
area of divergence and upwelling in this region are caused by monsoon winds. The 
coastal currents are anti-clockwise during much of the northeast monsoon, and 
clockwise prior to and during much of the southwest monsoon. 
During the southwest monsoon season, the western side and open Arabian Sea is 
greatly affected by the upwelling along the coast of Arabia. The Arabian Sea is an 
area of higher productivity than the general world ocean. The highest production 
values occur in the north (Ryther et al., 1966). 
Very little significant work has been done in the northern Arabian Sea. In the 
previous studies, more attention has been paid to the southwest monsoon, and focused 
primarily on the western boundary region, particularly the Somali Current regime. 
Understanding the circulation pattern in response to real time wind forcing in this 
region might contribute to the enhancement of the fishing industry in Pakistan and 
neighbouring areas. 
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Fig.1. Map of the Arabian Sea (After Wyrtki, 1971). 
MATERIALS AND METHODS 
MATHEMATICAL FORMULATION: 
The cartesian coordinate system is used in this model because the problem is 
limited motion whose scales are of moderate size, that of the order of few thousand 
kilometers. Therefore, the problem can be formulated in the cartesian coordinate 
system rather than in a spherical coordinate system. Most dynamical effects due to 
this geometric distortion are negligible on this scale, as has been pointed out by many 
authors (Berger, 1958; Pedlosky, 1964a,b). 
The model considered here is based on the depth averaged equations, which may 
be written in the form (Proudman, 1953): 
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where U and V are the horizontal components of the vertically integrated equations 
in the x andy directions respectively, -r is the surface (sea surface) elevation, H is the 
undisturbed water depth, Pw is the density of water, Ah is the horizontal eddy 
viscosity coefficient .and 'txw, 'txb and 'tyw, 'tyb are the wind and bottom stress 
components in x andy directions respectively. 
The wind stress terms at the right-hand sides of equations (1) and (2) are 
parametrized as follows: 
'txw = pa Cd Wx I W I 
'tyw = pa Cd Wy I W I 
(4) 
(5) 
Where Pa is the air density and Cd is the drag coefficient, W is a wind vector and 
IWI is the magnitude of the wind vector in m/s. 
The bottom stress is a function of depth-averaged flow, and for the purpose of 
numerical computation of bottom stress the following linear bottom stress 
parametrization is used, 
'txb = Pw Cb U 
'tyb = pw Cb V 
where Cb is the bottom friction coefficient. 
MODEL GRIDING: 
(6) 
(7) 
The grid system chosen in this model is called Arkawa C grid, described by 
Mesinger and Arkawa (1976) wherein the transport components U,V and surface 
elevation~ are staggered in space relative to each other. The staggering variables are 
shown in Fig. 2. Luther and O'Brien (1985) have mentionedthat this grid system 
minimizes numerical. 
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Fig.2. The Arakawa C staggered grid system, showing the location of U, V and~ 
in the grid system. i andj are the zonal and meridional indices respectively. 
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noise. Furthermore, in this grid system the treatment of solid boundary is easier than 
the other grid system. The no-slip condition is the common boundary condition which 
is used in this grid system. 
To obtain the numerical form of the equations the non-linear and Coriolis terms 
are averaged using adjacent points to get values at the required mesh points, then the 
second order derivatives is computed using the finite differences scheme. Luther and 
O'Brien (1985) suggested that this procedure reduces the non-linear growth of 
numerical noise in this model. 
BOUNDARY CONDITIONS: 
The normal component along all solid (land) boundaries is zero. This condition 
represents no flow across the boundaries. The most sensitive part of the model is the 
treatment of the open boundaries. In this proposed area the southern boundary is open, 
and is formed by joining the V -points (horizontal component of vertically integrated 
equation in y direction). The use of radiation boundary conditions to calculate' the 
boundary values eliminates or reduces the noise from false reflection of waves at the 
boundaries. Therefore the Modified Orlanski Radiation Explicit Condition (MOE) is 
used to compute the flow at the boundary. This condition was suggested by 
Camerlengo and O'Brien in 1980, if the phase speed is negative, the boundary value 
is extrapolated from the next interior solution point and if the phase speed is positive, 
the value is not changed. 
RESULTS AND DISCUSSION 
Evaluation of any model is very important to determine its soundness and aptness. 
The above defined model is applied to the various wind regimes of different months 
to determine the flow patterns of different seasons. · 
SOUTHWEST MONSOON: 
During the SW monsoon period the wind stress over the sea is much more intense 
than the northeast monsoon, therefore, the influence of southwest monsoon over ocean 
motion is more dramatic. 
The southwest monsoon is dominated by upwelling along Arabian coast and the 
western coast of Pakistan (Quraishee, 1984). The upwelling area along the Arabian 
coast is formed by the strong SW monsoon winds blowing parallel to the coast and 
the zone of upwelling extends at least 400 Km. off shore (Prell and Streeter, 1982). 
The' process of upwelling is activated during SW monsoon along the east Arabian 
coast. The nutrients rich water moves in a clockwise direction and then flows along 
the Pakistan (Sindh and Makran) coast. As a result of this phenomenon the 
productivity of the coastal region increases, oxygen levels decrease, and great 
ecological consequences are felt. 
The upwelling along western coast of Pakistan is similarly the result of SW 
monsoon winds having a reasonable component parallel to the coast. 
In the first simulation the July wind stress (peak of SW monsoon) is used as a 
forcing function over an actual bathymetery. The predicted flow pattern with actual 
bathymetry is shown in Fig. 3a. The influence ofbottom·topography on the wind-
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Fig.3a. The predicted currtmts for July corresponding to the MOE boundary condition 
with actual bathymetry. Length of vectors are not proportional to speed, and the 
dots indicate the land area (top). Isotachs in em/sec. 
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Fig.3b. The predicted currents for July corresponding to the MOE boundary condition 
with constant depth. Length of vectors are not proportional to speed, and the 
dots indicates the land area (top). Isotachs in em/sec. 
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driven circulation is quite dramatic. The currents at the eastern side of the domain 
reach a very high speed, upto 47.8 em/sec at about 21 °N near India. The reason for 
the high speed at the eastern side with actual bathymetry is probably because of the 
shallow water in that region. The observed maximum speed is about 5(Yo of the wind 
stress. 
In the second case, with a constant depth or flat bottom, the maximum current speed 
occurs at the western side of the domain near the open boundary. The flow field is 
shown in Fig. 3b. Several gyres have been observed in the simulations, one at about 
23 °N-24 °N having the counter-clockwise circulation and the other in the southern part 
of the domain having clockwise circulation. 
NORTHEAST MONSOON: 
January is the peak of NE monsoon. In the third and fourth simulations January 
wind stress is used to obtain the flow field. 
As before two cases are discussed here. In the first case, actual bathymetry is used 
and in the second case, constant depth is applied. 
The direction of the currents in these simulations is the reverse of the direction 
obtained by using a July wind stress. These results are expected because the direction 
of the wind is in the opposite direction of the July wind stress (the peak of the 
southwest monsoon). 
Since the wind speed during the northeast monsoon is relatively weak (2m/s), the 
current speed is also relatively slow. In the case of actual bathymetry, the maximum 
current speed is only 1.4 7 em/sec (Fig.4a). There is a gyre at about 24 °N at the eastern 
side of the domain. The maximum speed of the currents is at about 23 .5°N near the 
eastern side of the domain. 
In the case of constant depth, the maximum speed is 1.29 cm/s occurring at the 
western side near the southern boundary of the domain (Fig.4b). There is a logical 
error in the northwest corner where currents flow only from the Gulf. 
POST-MONSOON (OCTOBER WIND STRESS): 
In this experiment, the model is tested by applying the October wind stress. 
Although the stable conditions prevail in this month (just after the SW monsoon), 
pockets of upwelling are found along the coast. It has been proposed that this process 
of upwelling in the absence of a suitable off shore/strong wind component is due to 
1) divergence of surface flow caused by the flowing of Persian Gulf water, moving 
eastward along Pakistan coast and 2) the effect of prevailing deep water current gyral 
in the Arabian Sea which gives southwesterly component. 
The flow pattern is still the same as in July, but exhibits currents having maximum 
speeds of only 3.138 cm/s (Fig.5a). The only unexpected result is the presence of 
some reverse currents at the western boundary of the domain. Coastal counter currents 
are not unusual. In case of constant depth, the circulation pattern is clockwise and the 
maximum speed is 1.5624 cm/s (Fig.5b), occurring near 21 °N at the western boundary 
of the domain. 
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PRE-MONSOON (APRIL WIND STRESS): 
Since April is a transition period, the circulation pattern is the same as in July, but 
the speed of the current is lower than the peak July currents. With actual bathymetry, 
the speed is about 18.6 cm/s. There is an anti-clockwise/clockwis~ gyre pair in the 
Gulf of Oman (Fig.6a). The most pronounced characteristic of constant depth is the 
counter-clockwise gyre in the gulf of Oman. A maximum speed of 9.88 cmls (Fig.6b) 
occurs at about 21 °N near the western boundary. 
The results obtained by the application of the model to the wind stresses of the 
four different representative months are reasonable. For instance, during the northeast 
monsoon season, the direction of the currents is opposite to the direction of currents· 
in July (southwest monsoon season). This is so because during the northeast monsoon 
the wind direction is opposite to the July wind stress. The maximum speed occurs at 
about 23 .5°N in a clockwise gyre at the eastern side of the domain. In the less 
representative case of the constant depth, the flow tendency is again counter-
clockwise, and the maximum speed occurs at the western side of the domain at about 
21 °N. Similarly for April, the flow pattern is more or less the same as July 
(clockwise), but the speed of the currents is slower. The reason for this lower speed 
is that the wind stress is not as intense in April as in July. 
The most pronounced common features of both constant depth and actual 
bathymetry is the counter-clockwise gyre in the Gulf of Oman. This gyre is more 
intense in case of constant depth. 
In October the only unexpected result is the presence of some counter currents at 
the western boundary of the domain in case of actual bathymetry. In case of constant 
depth the maximum speed occurs near the eastern coast of Arabian Peninsula, at about 
21 °N (near the southern boundary of the domain). We found that the flow is as 
expected, sensitive to the wind stress field. By using climatological wind data, 
reasonable and observed circulation patterns have been reproduced. 
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